To evaluate the ease of manipulation and durability of 11 commercially available silicone-based resilient denture liners, extrusion force, hardness, weight change, and bond strength were determined.
INTRODUCTION
Soft denture liners have often been used for longtime denture wearers, who have developed excessive resorption of alveolar bone and localized lesions of alveolar mucosa1 '2) . This is because soft denture liners are able to relax and/or proportionate masticatory pressure on the supporting tissue, as well as improving denture retention by utilizing their viscoelastic properties1, 3) Based on their chemical structure, soft lining materials can be classified as acrylic-based, siliconebased and fluoroethylene copolymer4 '5) . In terms of relining procedure, the denture base can either be relined by the direct method (i.e., cured-in-mouth) in the dental clinic, or by the indirect method in the dental laboratory.
Although acrylic-based soft denture liners indicate the most marked improvement in masticatory function because they exhibit better viscoelastic properties6,7) , they have disadvantages such as unpleasant odor and taste, and irritation to the soft tissue inside the mouth8) . These drawbacks are caused by the monomer contained in acrylic-based soft denture liners.
As such, they are used only on a short-term or temporary basis9,10) On the other hand, silicone-based denture liners have often been used on a long-term basis because they are more resilient and more resistant to aged deterioration than acrylic-based denture liners11-13) . However, several problems have been notably associated with the use of these materials before and after setting. These problems arise from varying degrees of fluidity and consistency14) , change in hardness15) , water sorption and solubility16,17) , oral colonization by Candida albicans18 '19) , poor tear strength20) , and deterioration of bond strength to denture21 '22) Recently 
Materials
Cartridge-type, silicone-based resilient denture liners used in this study are listed in Table 1, together  with their codes, manufacturers, lot numbers, working and setting times, and inorganic substance contents.
Each material was auto-mixed and set using a dispenser (Cartridge dispenser II, GC, Tokyo, Japan) and tip (Mixing tip II, S (Pink) , GC, Japan) according to manufacturer's instructions. Materials PROPERTIES OF SILICONE DENTURE LINER Extrusion force, extrusion energy and apparent viscosity Maximum extrusion force and energythe cumulative work necessary for extrudingwere determined when each material was auto-mixed in air at room temperature using the dispenser and tip (inside diameter of tip end: 4.8 mm) in a universal testing machine (Techno Graph TG-50kN, Minebea, Nagano, Japan) . Cross-head speeds (i.e., extrusion rates of material) were 1, 2, and 3 cm/min, and distance limit was 8 mm at which the flow condition of each material contained a 4-mm distance that coincided with a constant and maximum extrusion force13). Extrusion energy was obtained by calculating the area under the extrusion force-distance curve. Furthermore, an apparent viscosity (na) was calculated from the extrusion force and cross-head speed that produced a steady-state flow condition on the extrusion forcedistance curve. The equation used in the calculation is shown below -a formula interpreted broadly from Hagen-Poiseuille's law24) :
where n is the ratio of the circumference to its diameter, p is the applied pressure to material (extrusion force, MPa) , r is the radius calculated from the total cross-sectional area of the cartridge (cm) , and Q and L are the flow quantity (cm3/s) and extruded length (cm) of the material respectively.
Hardness, weight change and inorganic substance content From the start of mixing, Durometer hardness (HDA) -as described in JIS K6253-199725) -was measured regularly at stipulated time intervals.
Specimens (20 mm in diameter and 6 mm in height)
were prepared using a polyvinyl chloride resin mold and stored in distilled water at 37°C for four weeks after setting.
At the same time, change of specimen's weight before and after the storage in distilled water was examined using an electronic balance (FR-200MKII, A & D, Tokyo, Japan) , and was expressed as a value divided by the superficial area of the specimen.
As for inorganic substance, it was determined by heating the specimenfollowing its HDA measurementinside a porcelain crucible in an electric furnace at 700°C for 30 minutes.
Heating was repeated until change of specimen's weight was less than 0.01 g. Inorganic substance content (%) was then given as a weight ratio before and after heating.
Tensile strength and tear strength Tensile strength and tear strength were determined at room temperature using a universal testing machine (Techno Graph TG-50kN, Minebea, Nagano, Japan) at a cross-head speed of 254 mm/min.
Specimens for tensile test were set in a stainless steel mold with dumbbell shape (50 X 15 X 1 mm; fractured neck section: 5 mm in width, 8 mm in length) in air at 37°C , and thereafter were stored in distilled water at 37°C for 24 hours.
Tensile strength was obtained by dividing the maximum tensile load obtained by the fractured cross-sectional area.
Tear strength was evaluated according to ASTM D1938-9226,27) Specimens for tear test were set in a PTFE mold with rectangular shape (75 X 25 X 1 mm) .
They were conditioned in the same manner as those of tensile test, and were cut into trouser-shaped strips with a 50-mm long cut prior to testing. Maximum force (F) during tearing at notch tip was recorded in tension at a separation rate of 254 mm/ min, and F was divided by the specimen thickness (d) to give tear strength (Ts = F/d) Bond strength A square rod (10 X 10 X 35 mm) of PMMA material (Acrylite, Mitsubishi Rayon, Tokyo, Japan) was stored in distilled water at 37 °C for 48 hours. An end of the rod was polished with waterproof sandpaper (# 180) and dried, and then treated using a primer according to manufacturer's instructions. The # 180-grade sandpaper was used because the resultant effect coincides with the average surface roughness that was obtained by polishing PMMA rods with the carbide bur which was packed together with each product in the case.
For each material, six specimens were prepared by filling the material into a 2-mm gap for bonding between the two PMMA rod ends that were butted together using a flame.
After setting in air at 37 °C , the specimens were stored in distilled water at 37 °C f or 24 hours and divided into two groups prior to testing.
One group was used in an adhesion test, and the other group was used in thermal cycling test for 5,000 and 10,000 cycles -whereby specimens were dipped alternately for one minute into each water bath at the temperatures of 4 and 60 °C . Bond strength in tension of all specimens in both groups was determined using a universal testing machine with a cross-head speed of 20 mm/min21,28,29) Bond strength was calculated by dividing the maximum tensile force by the section area of the specimen applied with a soft liner.
Surfaces of the debonded specimens were inspected under X 10 magnification with a stereoscopic microscope (SMZ-10, Nikon, Kanagawa, Japan) to determine mode of failure: adhesive, cohesive, or mixed mode. Adhesive failure referred to an overall separation at the interface between a soft denture liner and PMMA resin; cohesive failure referred to tearing within a soft denture liner; and mixed failure referred to both.
Three specimens were used in all measurements. Values obtained among the eleven materials for each measurement were compared using one-way analysis of variance (ANOVA) and Fisher's LSD test at a significance level of 0.05. The effects of extrusion rate, storage period and thermal cycling were investigated using Student's t-test (p = 0.05) . . 1 shows the extrusion force of the eleven materials tested in this study, which ranged from 0.18 to 1.26 MPa at the extrusion rate of 1 cm/min, and their values increased by 61 to 115% as the extrusion rate increased to 3 cm/min (p < 0.05) . Extrusion energy (at 1 cm/min) was 86 to 364 N • cm (Fig. 2) . Apparent viscosity decreased with increase of extrusion rate, as shown in Fig. 3 . Durometer hardnesses (HDA) increased with increasing storage time, and ranged from A19.2 to A56.5 after storage for four weeks (p<0.05) (Fig. 4) . Weight change of the materials after four weeks ranged from 0.13 mg/cm2 for ZR-SS to 0.56 mg/cm2 for SL-SS (Fig. 5 ) . Tensile and tear strengths of each material ranged from 1.06 to 4.53 MPa and from 4.3 to 101.7 N/cm respectively, after storage in distilled water at 37°C for one day following setting (Figs. 6 and 7) . Bond strength ranged from 1.01 to 2.88 MPa after storage in distilled water for one day, but decreased by 10-63% after 10,000 thermal cycles, except for SL-SS; conversely, that of SL-SS increased by 59% (p < 0.05) (Fig. 9 ) . In terms of failure mode, most portions of debonded surfaces demonstrated cohesive failure or adhesive failure, as shown in Fig. 11 .
RESULTS

Fig
DISCUSSION
The composition of each material used in this study is not known, because they are commercially available items including some marketable goods.
As a result, it was not possible to discuss fully the characteristics essential to clinical practicenamely fluidity, hardness, water absorption, tensile strength and tear strength, and bond strength.
Nonetheless, these characteristics were investigated in the light of some key considerations in an oral environment, in particular water storage and temperature change.
Extrusion force, extrusion energy and apparent viscosity Figs. 1 and 2 show the extrusion force and extrusion energy of the eleven materials tested in this study.
There was meaningful correlation (r=0.994) between extrusion force and extrusion energy at 1 cm/min. However, as material was extruded, its force or energy was not directly proportional to increase in extrusion rate, but rather increased at a lower rate. This result conformed well to a previous report14) All materials used might have thixotropic characteristics such as shear-rate thixotropy30), despite the setting process.
Nonetheless, it is necessary to investigate this aspect of their behavior in greater detail in the future. However, it could be seen that these materials were non-Newtonian, and exhibited pseudoplasticity (structural viscosity) rather than thixotropy.
This was because as shown in Fig. 3 , apparent viscosity tended to decrease as extrusion rate increased.
In addition, SL-TM and ZR-S -which included a larger inorganic substanceshowed a relatively lower apparent viscosity, which could be attributed to the different type and molecular weight of prepolymer used. Generally, for materials with relatively low apparent viscosity (such PF-K, RL-US, SL-TM, ZR-S, and ZR-SS) , they have a high fluidity and can be easily handled and spread on the mucosal surface of denture base.
However, in this study, we could not determine quantitatively the influencing factors on fluidity.
Hardness After each set material was stored in distilled water at 37 °C for one day, Durometer hardness (HDA ranged from A5.9 to A47.7. Their values increased with increasing storage time, and after four weeks the range was A19.2 to A56.5 (Fig. 4) . Rate of increase in hardness was 4.00 to 275%, and was more than 20% for four materials (RL-ES, RL-US, SL-SS and ZR-SS) that were relatively soft materials classified as type B (medium) or type C (soft) (JIS T6520-200023) ) . Variation in hardness increase rate amongst the materials could be attributed to the rate of chemical reaction after setting.
In addition to these setting characteristics, ease of sorption or solubility of soft denture liner would have an influence on hardness increase behavior too. This is because when immersed, plasticizers or other soluble materials leached out of the liner material while the interface of matrix resin and inorganic filler particles absorbed water17) . The net balance of these leaching and absorbing behaviors then affected the ultimate hardness.
Although the hardness measurement method in this study differed from that described in JIS T6520-2000, it is given in the quality standard that hardness change within four weeks should be less than 20%. Moreover in clinical practice, it would be unacceptable for hardness to change too much in a patient's oral cavity.
On the other hand, there was an inadequate correlation (r=0.538) between HDA and inorganic substance.
This suggested that mechanical properties such as HDA depended strongly on the type, molecular weight, and crosslink density of the prepolymer used, in addition to the volume and particle size distribution of the filler, although the details were still not known in this study.
Inoue et al.4) reported on the HDA of six soft denture liners, which were stored in air at 37°C for 24 hours after setting.
The values were A2.0-A3.7 for acrylic type, A2.7-A39.5 for silicone type, A36.2 for fluoro type, and A66.2 for olefin type. Further, they measured the hardness of oral soft tissues of seven patients using a trial hardness tester and reported hardness values of about 1-40, taking into consideration the individual variability and thickness of these oral soft tissues31) . Besides, hardness values were also obtained for eight tissue conditioners stored in air and water at 37°C for 24 hours, and they were 1.5-7.0 and 2.0-9.0 respectively.
HDA values obtained in this study were slightly higher than those of silicone type reported by Inoue et al., and might be similar or slightly higher than those of oral soft tissues mentioned above. This might be because the different measuring instruments were used for oral soft tissues.
However, it was noted that in the study of Inoue et al., hardness values determined by the Durometer and the trial hardness tester were similar for acrylic-type soft denture liners, although different representation units were used in both measuring instruments.
Currently, it remains a question how much hardness is required for a long-term silicone-based denture liner. However, whenever it is used in clinical practice, it is indisputable that the soft lining material helps to stabilize the denture base and improve its occlusion32,33) . Therefore a functionally gradated denturewhich possesses the characteristic of increasing hardness value from the tissue surface to the palatine surface of denturewould be recommended for providing comfort to denture-wearing patients.
Weight change Weight change of the materials examined, except SL-MS, increased with increase of storage time (p< 0.05) , and their values after four weeks ranged from 0.13 mg/cm2 for ZR-SS to 0.56 mg/cm2 for SL-SS (Fig. 5) . Presently, there is no JIS (Japanese Industrial Standard) specification for water absorption of soft denture liners (JIS T6520-2000) . However, if JIS specification for acrylic denture base resins (JIS T6501-1993) 34) were to be used as a guide, sorption value after seven days should not be more than 32 ug/mm3 (0.784 mg/cm2) . Although water absorption of the eleven materials obtained in this study conformed to JIS (T6501-1993) specification for acrylic denture base resins and was similar to the values of some studies35-37) , it might be unacceptable for soft denture liners. This is because an increasing trend in weight change, most probably caused by water absorption into the material, would definitely lead to swelling, distortion, coloring, stench, hardening, debonding, and bacterial habitation. Weight change for SL-MS showed a decreasing trend as storage time increased.
It could probably be due to loss of either filler or a leachable material, such as plasticizer loss in the case of acrylic materials.
Thus weight change of a soft denture liner, which could be caused by high-level water sorption and/or solubility, would influence its physical and mechanical properties, hardening behavior, and bond strength.
Tensile strength and tear strength Like rubber materials, tensile and tear properties are fundamental properties of silicone-based resilient denture liners. Tensile strength provides information on the ultimate strength of a material in tension, whereas elongation gives the degree of deformation a material can be subject to until it breaks. Tear strength, on the other hand, provides data on the ability of a material to resist the progress of failure at the site of stress concentration.
Together, tensile and tear properties serve as an important guide to clarify the mechanism of a debonding mode between soft denture liner and denture base resin, although only compressive and/or shear stresses are built up in the soft denture liner during occlusion by a denture.
Figs. 6 and 7 show the tensile strength and tear strength of the eleven materials examined, which were stored in distilled water at 37°C for one day after setting.
Tensile and tear strengths ranged from 1.06 to 4.53 MPa and from 4.3 to 101.7 N/cm respectively, and were similar to the values of several studies20,38,39). ET-SN, RL-S, SL-TM, and ZR-S were PROPERTIES OF SILICONE DENTURE LINER Fig. 6 Tensile strength (MPa) of 11 silicone-based resilient denture liners. All materials were immediately immersed in distilled water at 37°C after setting and stored for 1 day. Same letter over columns denotes no significant differences among their values of each material (p>0.05).
Fig. 7 Tear strength
(N/cm) of 11 silicone-based resilient denture liners. All materials were immediately immersed in distilled water at 37°C after setting and stored for 1 day. Same letter over columns denotes no significant differences among their values of each material (p>0.05).
classified as hard-or medium-type materials, and their tensile strength values were 2.5-4.3 times greater than that of ZR-SS, which exhibited the lowest tensile strength amongst the soft-type materials (PF-K, RL-US, SL-SS, and ZR-SS) . Indeed, the tensile strength of ZR-SS was approximately half of that of PF-K, RL-US, and SL-SS. As shown in Fig.  7 , tear strength of SL-TM was the highest whereas that of ZR-SS was the lowest.
It can be seen that the tear strengths of ET-SN, ET-SS, and SL-TM were 14.8-23.7 times greater than that of ZR-SS. Further, for both tensile strength and tear strength, only RL-ES showed relatively larger values amongst all the other materials. Fig. 8 shows the typical external appearances of some specimens after tearing, where arrows indicate the starting point of failure. For RL-S, SL-MS, ZR-S, and ZR-SS, which were of relatively lower tear strength, the fracture direction was almost on the extension line of the 50-mm long cut line of the trouser-shaped strips. As for ET-SN, ET-SS, RL-ES, and SL-TM, which were of higher tear strength, complicated fracture pattern was obtained.
The difference could arise from differences in chemical structure, such as the degree of crosslinking and prepolymer type. In this study, it was found that both tensile and tear strengths had a fairly positive correlation (r=0.520).
Besides, the correlation coefficient between HDA and tensile strength was an adequate r=0.723, whereas that between HDA and tear strength was merely r=0.391.
However, fracture mechanism of tearing specimens is not still known, further investigation is necessary.
Bond strength
In clinical practice, failure of silicone-based resilient denture liners is often attributed to a breakdown of the bonding between soft denture liner and denture base resin. Thus, a soft denture liner must not only provide the requisite strength for bonding with denture, but also acceptable durability of its bonding. Adhesion test was used in this study, and the mode of failure was evaluated.
This was an efficient method for ranking the bonding capability of each material because tensile force was directly applied in a direction perpendicular to the bonding area between both materials, although it might not simulate the clinical forces that induce separation between soft denture liner and denture base resin. Fig. 9 shows the bond strength of the specimens Fig. 9 Bond strength (MPa) of 11 silicone-based resilient denture liners. All materials were immediately immersed in distilled water at 37°C after setting and stored for 1 day. Then, they were thermocycled in water baths at temperatures of 4 and 60 °C for 5,000 and 10,000 cycles. that were stored in distilled water at 37 °C for one day, and which were subjected to 5,000 and 10,000 cycles in a thermal cycling test. Bond strength ranged from 1.01 to 2.88MPa after storage in distilled water for one day, and showed a decreasing trend as the number of thermal cycles increased, except for SL-SS. In particular, bond strength values decreased by 10-63 % after 10,000 cycles, whereas that of SL-SS increased by 59% . The results of this study were similar to or slightly higher than those obtained before and after thermal cycling by Kulak-Ozkan et a/.22), although a direct comparison of both studies could not be made because of differing test conditions, such as specimen size, cross-head speed, and temperature of thermal cycling.
If a bond strength of 4.5 kgf/ cm2 (0.44 MPa) as already reported22,28,29)is considered an acceptable criterion in clinical practice, then all the materials examined in this study would have a sufficient bond to PMMA resin.
Thermal cycling had some adverse effect on the bond strength of the materials examined, except for SL-SS.
A significant reduction in bond strength after thermal cycling was due to water absorption as shown in Fig. 5 , thereby leading to swelling and consequent stress buildup at the bonding interface.
Otherwise, loss of a leachable material caused the viscoelastic properties of soft denture liners to change, hence making the materials stiffer.
Coefficients of correlation between bond strength and tensile strength, and tear strength, and HDA were 0.805, 0.479, and 0.902 respectively, which were estimated when materials were stored in distilled water at 37 °C for one day after setting (Fig. 10) . Meaningful correlation among bond strength, tensile strength, and HDA implied that the inherent mechanical properties of soft denture liners directly affected the bond between soft denture liner and PMMA resin, although the primers used for adhesion took a substantial role in bonding both materials at the interface. It can therefore be said that bond strength to PMMA resin depended on the balance between the bonding capability of the primer and the magnitude of mechanical properties mentioned above. Fig. 11 shows the failure modes after debonding. For the debonded surfaces of ET-SN, ET-SS, RL-S, SL-MS, and ZR-SS, cohesive failure occupied a greater percentage. As for PF-K, RL-ES, RL-US, SL-TM, and ZR-S, adhesive failure occupied the most part.
Thus, in this study, materials which were chiefly of cohesive failure behavior had a bond strength that was more than 2 MPa, except SL-TM and ZR-SS (Fig. 10) .
SL Thus, in addition to inherent mechanical properties, various failure modes might occur due to differences in bonding capability at the interfaces among soft denture liner, primer, and PMMA resin as an adherend.
Indeed, more detailed investigation is required.
Further, the fracture mode of all materials tended to lean toward adhesive failure as the number of thermal cycles increased, except RL-US and SL-SS. It could be because water directly infiltrated the bond site, thereby leading to swelling and consequent stress buildup at the interfaces of soft denture liner, primer, and PMMA resin, as stated previously. After storage in distilled water at 37°C for one day, RL-US and SL-SS exhibited a large percentage of adhesive failure, but were altered toward cohesive failure after 10,000 thermal cycles. This could be explained by a slow and mild chemical reaction proceeding at the bond site. As conjectured by an increase of HDA in Fig. 4 , it could be supposed that the bond strength at the bonding site between soft denture liner and primer was increased by the hardening of soft denture liner.
Hence, as the chemical reaction proceeded by itself, the region of cohesive failure became larger.
Fluidity, hardness, weight change, tensile strength, tear strength, and bond strength were examined in this study, and their properties were different among the eleven soft denture liners evaluated. Based on the results of this study, only one material could not sufficiently satisfy all the requisite properties demanded of soft denture liners. Although selection of soft denture liner cannot be based on any single property in clinical practice, selection of the material should also be considered in the light of the situation being used.
CONCLUSIONS
In the present study, the physical and mechanical properties, as well as the bond strength of 11 silicone-based resilient denture liners were investigated. Results obtained were as follows:
1 . All materials examined showed a pseudoplastic behavior.
2 . Both Durometer hardness (HDA) and weight change increased with increasing storage time in distilled water at 37°C for up to four weeks. Their values after four weeks ranged from A19.2 (ZR-SS) to A55.5 (RL-S) for HDA, and from 0.131 (ZR-SS) to 0.557 (SL-SS) mg/cm' for weight change.
Rate of HDA increase was more than 20% for four materials (RL-ES, RL-US, SL-SS and ZR-SS) .
3. Tensile strength and tear strength, after storing in distilled water at 37°C for one day, ranged from 1.06 (ZR-SS) to 4.53 (RL-S) MPa, and from 4.3 (ZR-SS) to 101.7 (SL-TM) N/cm, respectively. Mutual relationship between tensile strength and tear strength was not established in this study.
4 . Bond strength, after storing in distilled water at 37°C for one day, ranged from 1.01 (SL-SS) to 2.88 (RL-S) MPa.
Debonded surfaces exhibited two failure modes: adhesive and cohesive failures. After 10,000 thermal cycles, bond strength decreased by 10 to 63% -except for SL-SS, and failure mode was also altered to mixed failure. 
